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ABSTRACT
We investigated whether and how recipient-donor sex affects transplantation outcomes of 11,797 patients transplanted between 2008 and 2010. Thirty-seven percent were male recipients with male donors, 21% male recipients with female donors, 25% female recipients with male donors, and 17% female recipients with female donors. In multivariable analyses, male recipients had inferior overall survival and progression-free survival compared to females regardless of donor sex, with an 11% relative increase in the hazard of death (p<0.0001) and a 10% relative increase in the hazard of death or relapse (p<0.0001). The detrimental effect of male recipients varied by donor sex. For male recipients with male donors, there was a 12% relative increase in the subdistribution hazard of relapse compared with female recipients with male donors (p=0.0036) and male recipients with female donors (p=0.0037). For male recipients with female donors, there was a 19% relative increase in the subdistribution hazard of nonrelapse mortality compared with male recipients with male donors (p<0.0001) and a 22% relative increase compared with female recipients with male donors (p=0.0003). In addition, male recipients with female donors showed a 21% relative increase in the subdistribution hazard of chronic GVHD (p<0.0001) compared with female recipients with male donors. Donor sex had no effect on outcomes for female recipients. Transplantation of grafts from male and female donors was associated with inferior overall survival and progression-free survival in male recipients with differing patterns of failure. Recipient sex is an important prognostic factor independent of donor sex.
INTRODUCTION
In patients undergoing allogeneic hematopoietic cell transplantation (HSCT), it has been previously reported that sex mismatch between donor and recipient affects HSCT outcome across diseases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Most studies have reported that the combination of male recipient and female donor (F→M) is associated with a higher incidence of graft-versus-host disease (GVHD) 2, 5, 7, 9 and non-relapse mortality (NRM) 1, 3 , as well as in some studies a lower relapse rate 2, 3 . The increased GVHD rate in this setting is thought to be mediated via male recipient minor histocompatibility antigens (mHAs) targeted by female donor T cells 10, 11 , and likely explains the increased NRM. At the same time, the theoretical increase in graft-versus-tumor (GVT) mediated by the same mHAs may explain the decreased risk of relapse. In balance, however, the increased toxicity of F→M transplants resulted in a decreased survival, suggesting that this combination was deleterious in patients undergoing HSCT 1, 2, 3 . F→M is therefore included as a risk factor in the (modified) EBMT risk score [12] [13] [14] [15] [16] , and many transplant clinicians will use sex matching as a criterion in donor selection for patients undergoing HSCT. However, much less attention has been paid to recipient sex although there have been a few reports that male recipients had a poor survival irrespective of donor sex 2, 3 . Moreover, the exact sex-based determinants of HSCT outcome have not been rigorously examined in a modern transplantation cohort that is carefully stratified by disease risk. Recently, a study of disease risk conducted at a single institution found that the only significant risk factor for mortality related to sex was recipient sex, with a hazard ratio for mortality of approximately 0.9 for female compared to male recipients 17 . Given this, we undertook an analysis of donor/recipient sex in a large cohort of patients transplanted between 2008 and 2010 in the United States and reported to the Center for International Blood and Marrow Transplant Research (CIBMTR). The primary goal of this study was to examine the effect of recipient sex and donor-recipient sex combinations on overall and progression-free survival (OS and PFS) after HSCT. In addition, we sought to determine whether the effect of recipient and/or donor sex on OS and PFS were mediated mainly by acute or chronic graft-versus-host disease (GVHD), NRM, or relapse.
METHODS

Study Population
The CIBMTR comprises a voluntary network of more than 450 transplantation centers worldwide that contribute detailed data on consecutive allogeneic and autologous HSCT to a centralized Statistical Center. potential patients, we further excluded 2,329 patients (16%) with missing disease type or pretransplant disease status, and transplantations for benign or rare disorders (including histiocytic disorders, large granular lymphocyte or natural killer cell leukemia). The remaining 11, 797 patients are included in the current analysis.
Statistical Analysis
Patient baseline characteristics were reported descriptively. Endpoints of interest were OS, PFS, relapse, NRM, as well as acute and chronic GVHD. OS was defined as the time from stem cell infusion to death from any cause. Patients who were alive were censored at the time last seen alive. PFS was defined as the time from stem cell infusion to disease relapse, progression or death from any cause, whichever occurred first. Patients who were alive without disease relapse or progression were censored at the time last seen alive and progression-free. OS and PFS were estimated using the Kaplan-Meier method and the log-rank test stratified by conditioning intensity was used for comparisons of Kaplan-Meier curves. Cumulative incidence curves for non-relapse death, relapse and chronic GVHD were constructed in the competing risks framework considering relapse, NRM and death or relapse without developing chronic GVHD, respectively, as competing events. All time to events were measured from the date of stem cell infusion. The difference between cumulative incidence curves in the presence of a competing risk was tested using the Gray method 19 . Multivariable regression analysis was performed using the Cox model for OS, PFS and Fine and Gray model for relapse, NRM, and chronic GVHD. 20, 21 Models were stratified by conditioning intensity as this variable did not meet the proportional hazards assumption. Potential prognostic factors considered in the analyses included recipient and donor sex, disease risk index (DRI) 17, 18 , age, conditioning intensity, CMV serostatus of recipient and donor, graft source, donor HLA type 23 , co-morbidity index (HCT-CI) 22 , and Karnofsky performance status at HSCT. Prior to modelling, the proportional hazards assumption and significance of interaction terms were examined. Acute GVHD was analyzed as a binary outcome using a landmark analysis at day 100 of HSCT, and multivariable analysis for acute GVHD was performed using logistic regression analysis. The threshold for statistical significance was set at 0.01 to account for multiple testing. All tests were two-sided and all analyses were performed using SAS 9.3 (SAS Institute Inc, Cary, NC), and R version 3.2.2 (the CRAN project, www.cran.r-project.org).
RESULTS
Patient Characteristics
The baseline characteristics of the 11,797 patients are shown in Table 1 . The median age of the entire cohort was 52 years (range 18-80). The cohort included a broad representation of diseases, disease risk, donor types, and graft sources. Forty-one percent of patients received grafts from matched sibling donor; 54% were conditioned with a myeloablative regimen. Among the 11,797 patient/donor pairs, 37% were male recipients with male donors (M→M), 21% male recipients with female donors (F→M), 25% female recipients with male donors (M→F), and 17%
female recipients with female donors (F→F). Overall, 54% of pairs were sex matched: 42% among female recipients and 64% among male recipients (p<0.0001). The median follow-up among survivors was 48 months (range, 2-76).
Overall and Progression-free Survival
Overall, male recipients had worse OS and PFS than females, regardless of donor sex (Table   S1 . Figures 1A and 1B 
Relapse and non-relapse mortality
Relapse and NRM were slightly worse in male recipients compared with female recipients (Table 2a, Table S1 ), but not significant at the 0.01 level. When sex combinations were considered, the 4 year cumulative incidence of NRM was 26% in the F→M group, 23% in each of the M→F, F→M, M→M group (p=0.045 for the 4 group comparison, p=0.0075 for F→M vs.
the other 3 groups combined, Table S1 ) and the 4-year cumulative incidence of relapse was 44% in the M→M group, 40% in M→F, 42% in F→F, and 42% in F→M (p=0.03 for the 4 group comparison, p=0.009 for M→M vs the other 3 groups combined, Table S1 ). These results were consistent in multivariable analysis with a subdistribution hazard ratio (sHR) of NRM 1.22 for developed grade III-IV acute GVHD. As shown in Table 3a , no combination of recipient and donor sex was significantly associated with an increased frequency of grade II-IV or III-IV acute GVHD. However, in multivariable logistic regression analysis, F→M had a slightly higher odds of developing grade II-IV acute GVHD (OR 1.17, 95CI 1.04-1.32, p=0.01).
Chronic Graft-versus-Host Disease
Among all the patients, 467 patients had missing onset date of chronic GVHD; the rate of missing information was similar across all recipient and donor sex combinations (~4%). Among all patients with available information (N=11,330), when the cumulative incidence of chronic GVHD was compared by recipient and donor sex, there was a significant increase in the F→M group. The 1-year cumulative incidence rate in this group was 42% (p<0.0001), compared with 37% in M→F, 38% (p=0.14) in F→F, and 36% (p=0.79) in M→M (Table 3b and Figure 1E ). This was confirmed in multivariable analysis with a sHR of 1.21 (p<0.0001) for F→M compared with M→F, 1.23 (p<0.0001) compared with M→M (Table 2b) . Among female donors, the cumulative incidence of chronic GVHD in F→F was somewhat higher compared with M→F (sHR 1.11, p=0.023). Since graft source is a significant prognostic factor for chronic GVHD, we analyzed chronic GVHD by sex match and graft source. Again the F→M group had a higher incidence of chronic GVHD compared to the other three groups, regardless the graft source (Table S2) .
DISCUSSION
By analyzing a large cohort of patients undergoing allogeneic transplants from multiple centers in modern transplantation era, we show that male recipients have worse OS and PFS compared to female recipients regardless of donor sex, with approximately a 10% relative increase in the hazard of death or death/relapse in multivariable analyses. The basis for the detrimental effect of male recipient sex appears to vary by donor sex. In F→M transplants, there is an increase in NRM, likely attributable to an increase in chronic GVHD. Despite this increase in NRM and chronic GVHD, we could not identify a decreased incidence of relapse in the F→M group compared with M→F, and the ultimate effect of this sex combination was a decrement in OS and PFS. When the F→M group was compared with the M→M group, there was no difference in OS and PFS, but a decrease in relapse and an increase in NRM and chronic GVHD. Those results in F→M are largely consistent with previous studies 2, 3, 5, 7, 9 . Randolph et al. 2 proposed that F→M pairs have the lowest risk for relapse and the greatest odds for GVHD compared to other recipient and donor sex combination groups, suggesting a selective graft-versus-leukemia (GVL) effect in this cohort. However, the OS was the worst in F→M, implying that the NRM was significantly higher in F→M than the other three groups in that cohort, which outweighed the benefit in terms of relapse.
In addition, we observed that M→M pairs have an increased incidence of relapse, compared to all of the other recipient and donor sex combination groups. There is no obvious biological basis for this result from our knowledge of Y chromosome mHAs unless Y chromosome itself attributes to this effect as seen in general population that males have a shorter life expectancy than females. The higher incidence of relapse seen in M→M resembles an increased relapse rate seen in matched sibling donors as compared to matched unrelated donors. We note, however, that the final outcome of those effects, namely an inferior OS and PFS in male recipients of HSCT compared to female recipients, regardless of donor sex, is consistent with that described in another large and fully disease risk-annotated HSCT cohort 18 . Nonetheless, one may argue that male recipients have higher risk baseline characteristics compared to female recipients. However, the distributions of DRI and HCT-CI are largely compatible across all recipient and donor sex combinations as shown in Table 1, suggesting that female donors were not particularly used for high-risk male recipients. Given this, and the very large size of the present cohort, it seems highly unlikely that this is a statistical artifact. Instead, we hope that our findings can generate new biological studies of sex itself and sex-related mHAs to explain this phenomenon. As to sex mismatch for female recipients, donor sex has no effect on OS, PFS, relapse, and NRM which is consistent with the result reported in Randolph et al 2 but
different from a previous EBMT report 3 . In Gahrton et al., 3 the F→F group had a significantly lower NRM compared with M→F and had the best OS among all recipient and donor sex combinations.
We acknowledge several important limitations of this work. First, this work is retrospective in nature and therefore like other retrospective studies is subject to possible confounding, even though a sex-based selection bias seems unlikely. Second, about 4% of patients had missing onset date of chronic GVHD; as this percentage was similar across all sex combinations, the results should not be significantly affected. For acute GVHD, because the transplant essential data collection form does not mandate capturing the onset date of acute GVHD, a large portion of patients did not have this information, which precluded a time-to-event data analysis of this outcome. However, since most of acute GVHD occur early after HSCT and nearly all patients (>99.97%) were followed for at least six months, the landmark analysis we performed is unbiased and the results for group comparison should be consistent whether binary data analysis or time-to-event analysis is used even though the overall incidence rates of acute GVHD may be slightly underestimated. The effect of donor parity and donor age on transplantation outcomes was not explored in the current analyses. Data on parity for sibling donors was not collected consistently during the study period, which prevented us from exploring any effects of parity in the setting of HLA-matched related donor HSCT. A recent report from our group on optimal donor characteristics for unrelated donor transplantation showed higher mortality risk with increasing donor age, higher NRM and fewer relapse with parous female donors. 24 However, parity was not associated with survival as any advantage from lower relapse risk was negated by higher NRM. 24 The age of the sibling donor is tightly correlated with recipient age and was not examined further.
In summary, for female recipients of allograft, donor sex has no detectable effect on HSCT outcomes. In contrast, for male recipients, female donors are associated with a decreased incidence of relapse, an increased incidence of NRM and chronic GVHD while male donors are associated with an increased incidence of relapse. As a result, both OS and PFS are significantly worse for all male recipients, regardless of donor sex. Furthermore, because OS and PFS are similar between F→M and M→M, one could argue that male recipients are better off with male donors considering the chronic GVHD related quality of life (QOL). However, it is not obvious whether QOL would be more severely affected by GVHD or by management of relapse, so that it may be premature to make recommendations about the preferred donor sex for male recipients until additional studies that include QOL are conducted. Finally, it is important to recognize that the absolute differences in clinical outcomes across recipient and donor sex combinations are small (within 5% across all sex combinations) and much smaller than those attributable to important prognostic factors such as disease risk index and donorrecipient HLA match. Nonetheless, our results do have a direct and important bearing on the choice of HSCT donors. In our cohort, the donor sex distribution seemed to be skewed toward male donors for male recipients (64% as opposed to 42% sex matched in female recipients), which may reflect the commonly held view that a male donor is preferable for a male recipient, which was perhaps derived from the clinical reports in previous years. However, based on our findings, recipient sex rather than donor sex appears to be the predominant prognostic driver.
Consequently, donor sex should not be considered in the donor selection algorithm until we have a better insight into the biology of sex-based alloreactivity.
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